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Immortalised breast epithelia survive prolonged 
DNA replication stress and return to cycle from a 
senescent-like state 

A Maya-Mendoza^ JM Merchut■Maya^ J Bartkova^ J Bartek^'^ CH Streuli*'^ "^ and DA Jackson*'^ "^ 

Mammalian cells have mechanisms to counteract the effects of metabolic and exogenous stresses, many of that would be 
mutagenic if ignored. Damage arising during DNA replication is a major source of mutagenesis. The extent of damage dictates 
whether cells undergo transient cell cycle arrest and damage repair, senescence or apoptosis. Existing dogma defines these 
alternative fates as distinct choices. Here we show that immortalised breast epithelial cells are able to survive prolonged S phase 
arrest and subsequently re-enter cycle after many days of being in an arrested, senescence-like state. Prolonged cell 
cycle inhibition in fibroblasts induced DNA damage response and cell death. However, in immortalised breast epithelia, efficient S 
phase arrest minimised chromosome damage and protected sufficient chromatin-bound replication licensing complexes to allow cell 
cycle re-entry. We propose that our observation could have implications for the design of drug therapies for breast cancer. 
Cell Death and Disease (2014) 5, e1351; doi:10.1038/cddis.2014.315; published online 24 July 2014 



Mammalian cells have limited proliferative potential.^ As cells 
approach their replicative lifespan, they enter an irreversible 
senescent state in which no further cell division can occur.^ 
Senescent cells are arrested in the G1/G0 phase of the cell 
cycle, and while immune to mitogenic cues sustain essential 
cell functions for long periods of time.^ In human cells, the 
onset of senescence^ '"^"^ is controlled by a mitotic clock, 
which through telomere erosion^'^ links cycles of proliferation 
to the eventual persistent activation of the cell's DNA damage 
response (DDR)^~^^ and induction of the senescent cell fate. 

As cells approach the limits of their growth potential, DDR 
elicited by loss of telomere function leads to activation of the 
ATM and ATR damage response pathways and eventual 
expression of p53 target genes then drives senescence.^"'''' 
Initially, the activation of senescence is propagated by expres- 
sion of the cell cycle inhibitor p21^'P^ (p21), which induces 
cell cycle arrest by inhibiting cyclin-dependent kinases that 
regulate cell cycle progression."^'^^ Following the induction of 
replicative senescence by p21 , a gradual increase in expression 
of the cyclin-dependent kinase inhibitor p16"^'^'*^ (p16) 
reinforces the senescent cell fate.^^"^"^ However, different 
mechanisms control the dynamics of p21 and p1 6 expression 
and define their roles in determining senescence."^ ''^ 

Under normal conditions, senescence represents the 
irreversible withdrawal of cells from proliferation. However, 
expression of oncogenes, such as SV40 large T antigen or 



oncogenic RAS, can disrupt senescence by inhibiting the p53 
and pRb pathways. ''^"''^ Even so, predicting the efficiency 
with which different cell types might escape from senescence 
is complex; different fibroblast lines are known to escape 
senescence with a range of efficiencies, based on their 
relative expression of p21 and p16.^^ Human mammary 
epithelial cells (hMECs) also display a range of different 
lineage-dependent senescent fates. ''^''^ Interestingly, 
primary human mammary fibroblasts (hMFs) and hMECs 
also respond differently to senescent arrest based on their 
p16 expression status.^° These observations imply that 
whereas p21 initiates cell senescence, persistent p16 
expression reinforces an irreversible cell cycle arrest. 

Senescence limits the pathological potential of ageing 
cells.^'^° Genotoxic stresses, induced by DNA damaging 
agents, such as ultra violet light and inhibitors of DNA 
synthesis, are classical activators of DDR, which lead to cell 
cycle arrest. ^"^^ During DDR, the extent of damage defines 
the level of activation of the stress response, with low-level 
damage leading to transient cell cycle arrest and repair 
whereas profound damage result in acute cell cycle arrest and 
apoptosis. At intermediate levels of damage, cells are also 
able to enter a state of stress-induced premature senescence 
(SIPS).2^'22 

Senescence induced by telomere attrition and stress- 
induced senescence have many features in common, ''^'^^"^^ 
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with both processes serving to limit the proliferation of 
damaged cells. In controlling cell proliferation, as cells 
respond to mitogenic cues, the temporally programmed 
activation of cyclin-CDK proteins^^'^^ leads ultimately to the 
expression of E2F target genes, whose products are required 
for DNA replication. Stress responses subvert the normal 



proliferation controls by directing the expression of cell cycle 
inhibitors - notably, p21 , p27^^ and CDC25^° - which target 
different cyclin-CDK complexes to inhibit proliferation at 
appropriate points of the cell cycle.^^'^^ If stress is severe, 
the activation of p53 transcriptional targets such as Bax, 
Puma and Noxa induces apoptosis.^^'^^ 
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The efficiency of DDR is especially important during S phase 
as any attempts to replicate a damaged template might have 
profound pathological consequences. When damage occurs 
within S phase, synthesis can continue in the replications sites 
that were formed in the pre damage state but activation of 
CDC25A/C prevents the assembly of replication sites in the 
downstream S phase programme.^"^'^^ Damage-dependent 
inhibition of replication leads to transient replication arrest, 
which may resume once damage is repaired. However, if local 
damage is extensive, the chromatin-associated replication 
machinery will abort synthesis and replication restart must 
involve initiation at new sites, using previously dormant 
potential origins.^^'^^ Early in the cell cycle, replication origins 
are established during replication licensing,^^ when MCM2-7 
complexes bind to chromatin. ^^"^^ However, once S phase 
begins, licensing is blocked and synthesis must be completed 
using the available chromatin-bound MCM2-7.^^''^'' During 
S phase arrest, MCM complexes are lost from chromatin"^^ 
and cells gradually lose the ability to re-enter cycle and either 
die or enter a premature senescent state. 

Here, we used breast epithelia"^^ '^'^ as a model system to 
explore the stability of premature senescence induced by 
replicative stress. We show that breast epithelial cells are 
adapted to resist prolonged S phase arrest. Cells treated with 
inhibitors of DNA synthesis were seen to arrest in cycle and 
acquire a senescent-like phenotype. In contrast to fibroblasts, 
which died on returning to cycle from prolonged arrest, breast 
epithelial cells were able to recover into cycle and proliferate 
normally. Critically, for many of the cell lines used, breast 
epithelia showed efficient recovery into cycle - 90% of 
MCF10A cells returned to cycle following prolonged S phase 
arrest - which is orders of magnitude more efficient than the 
proliferation of fibroblasts escaping from SIPS^^ or breast 
epithelia escaping from senescence induced by telomere 
erosion.^° Although our analysis confirms that this behaviour 
is cell lineage restricted, the fact that immortalised, non- 
tumorigenic and tumorigenic breast epithelia have a unique 
ability to return to proliferation after prolonged periods of 
arrest could influence the design of breast cancer therapies. 

Results 

Breast epithelia survive prolonged cell cycle arrest. To 

explore mechanisms that control proliferation and cell cycle 
arrest of breast epithelia, we identify conditions that mimic 
the proliferative plasticity seen in 3D culture. "^"^ As primary 



cells have limited growth potential, we initially used the 
spontaneously immortalised hMEC cell line MCFIOA"^^"^^ 
and the tumorigenic line MCF7 (Figures 1a and b). S phase 
arrest was induced using precursor deprivation (with hydro- 
xyurea) or inhibition of DNA polymerase-a (with aphidicolin; 
Supplementary Figure S1a). MCF10A and MCF7 cells 
survived for at least 4 days without replication stress-induced 
apoptosis (Figures 1a and b), whereas at least 90% of diploid 
fibroblasts'^^ died under these conditions (Figures Ic-e) and 
rare survivors were unable to proliferate once replication 
stress was removed. 

Profound differences in the response of diploid human 
fibroblasts (MRC5) and diploid hMECs (MCF10A) to aphidi- 
colin-induced S phase arrest were confirmed using flow 
cytometry (FACS; Figure If) and long-term time-lapse 
microscopy (Supplementary Videos S1-4). During arrest, 
the inhibition of DNA synthesis was efficient in MCF10A, 
whereas MRC5 displayed persistent, low-level incorporation 
of replication precursors for many days (Figures 1g-j). FACS 
confirmed the robust inhibition of DNA synthesis in aphidicolin- 
treated MCF10A cells, with a single S phase peak over 
1 -4 days of treatment, whereas MRC5 cells showed a notable 
loss of S phase cells over the treatment period (Figure If). 
This variable efficiency of S phase arrest was confirmed when 
rates of DNA synthesis were measured using DNA fibres 
(Supplementary Figure Sib). A rapid decline in the rate of 
replication fork migration was seen in both cell types at early 
time points, consistent with the EdU detection and FACS data 
(Figures If-i). However, active replisomes, as judged by 
BrdU-labelled replication forks (Supplementary Figure SI), 
were almost completely absent from MCF10A cells at 2-4 h 
after adding aphidicolin (Figure 1 k), whereas inhibition in MCR5 
cells was less robust, with low levels of DNA synthesis 
persisting for many days (Figures 1i, j and I). 

Primary hMEC and hMF cultures, isolated from the same 
reduction mammoplasty tissue, partially mimicked the beha- 
viour of MCF10A and MRC5, respectively. hMFs were 
sensitive to the DNA replication stress and high levels of cell 
death were seen (Figure 2). Hence, during prolonged arrest, 
different breast epithelial cell types arrested in cycle without 
engaging apoptosis, whereas diploid MCR5 acquired sub- 
stantial chromosomal damage and died. Like MRC5 cells, 
primary hMFs (Figure 2) and normal diploid BJ fibroblasts 
(isolated from foreskin) arrested in aphidicolin and subse- 
quently died by apoptosis when the inhibitor was removed 
(data not shown). 



< 

Figure 1 Cell type-dependent response to replication stress. Cells were treated (96 h) with different pharmacological agents (HU— hydroxyurea; aphi— aphidicolin; CDDP— 
cisplatin and etoposide) to induce cell cycle arrest and relative changes in cell number monitored and compared with untreated controls (CT). hMECs (MCF10A, red bars and 
MCF7, grey bars) were compared with fibroblasts (MRC5, blue bars) (a-c). The cytotoxic properties of aphidicolin treatment (1 /^g/ml) were monitored throughout the time-course 
and survival rates for fibroblasts (MRC5, blue line) and hMECs (MCF10A, red line and MCF7, black line) compared by analysis of cell number (d) and levels of cell death/apoptosis 
with trypan blue staining and nuclear fragmentation following DAP! staining (e; n = 500). During arrest, the DNA content of MCF10A and MRC5 cells was assessed using flow 
cytometry (f; representative examples of biological triplicates are shown) and changes in aphidicolin-treated cultures ( + ; filled scans) established by comparison with untreated 
controls ( - ; open scans). The kinetics of inhibition of DNA synthesis was assessed (g-j) at different times following induction of cell cycle arrest (1 ^g/ml aphidicolin). MCF10A 
cells were pulse labelled with EdU (30 min), sites of nascent replication visualised (g) and the proportion of replicating cells determined (h; n = 500). In MCF1 OA cells, after 30 min 
of treatment the majority of previously S phase cells showed no detectable EdU incorporation (h) and the EdU-positive cells in the treated sample showed dramatically reduced 
incorporation (g, right panel; note labelling intensity of positive cells (arrowed), which is weak and seen only if imaging settings are adjusted to improve sensitivity; this inevitably 
increases background throughout the cell). In contrast to the rapid inhibition of DNA synthesis seen in MCF10A cells, much slower loss of synthetic activity was seen in MRC5 cells (i). 
Dramatic difference in the efficiency of S phase arrest in these cell types was emphasised by the kinetics of reduction of labelling of nascent DNA (j), with the synthetic decline in 
MRC5 cells (blue bars) at 24-h post treatment being equivalent to that seen in MCF10A cells (red bars) after only 30 min. This reduced labelling intensity correlates with the rate of 
replication fork arrest assessed by measuring fork rate on DNA fibres from MCF10A (k) and MRC5 (I) cells. Scale bar 5 ^m 
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Figure 2 Primary hMECs are more resistant to aphidicolin than hMFs. The cytotoxic properties of aphidicolin were monitored in primary hMECs and fibroblasts obtained 
from the same tissue sample. hMECs survived aphidicolin treatment, whereas hMFs were more sensitive to aphidicolin, with cultures displaying high levels of cell death, 
assessed by trypan blue staining (a and b). Cell cycle profiles in primary hMECs and hMFs in the absence and presence of aphidicolin are shown (c). After prolonged cell cycle 
arrest, primary hMF cultures contained 2.5-fold more dead cells than primary hMECs (d), assessed in fixed Pi-stained cells 



To explain the mechanistic differences in the response of 
breast epithelia and fibroblasts to prolonged S phase arrest, 
we analysed checkpoint activation;"^^ current dogma predicts 
that profound cell cycle arrest will block progression and 
induce premature senescence or apoptosis.^^ Fibroblasts 
(MRC5) responded to S phase arrest by activating Chk1 and 
p53 and inducing caspase-3 activation (Figure 3a). In 
contrast, hMECs (MCF10A) showed much lower Chk1 and 
p53 phosphorylation and undetectable levels of caspase 
activation. To determine where these differences arose in the 
damage response pathway, we examined the overall levels of 
7H2AX and the accumulation of DDR proteins within individual 
nuclei. 7H2AX phosphorylation was seen in both MRC5 and 
MCF1 OA cells, although the response was weaker in MCF1 OA 
(Figure 3a). Nuclear 7H2AX foci were present in both cell 
types (Supplementary Figure S2). Activation of the early DDR, 
as defined by the accumulation of DDR protein RPA32, 
occurred similarly in MRC5 and MCF10A (Supplementary 
Figure S2), though the active form - defined by RPA32-S33 
phosphorylation - was diffuse in fibroblasts but localised at 
discrete sites in MCF10A (Figure 3b). Total RPA foci 
accumulated at similar rates in MRC5 and MCF10A cells 
during arrest (Figure 3c), though MCF10A cells had sig- 
nificantly more RPA-S33 foci (Figure 3d). The punctuate 
pattern of RPA32-S33 and similar staining seen with the repair 



protein 53BP1 (not shown) are consistent with efficient and 
persistent preservation of damage sites in MCF10A cells. 

In contrast to fibroblasts, however, early activation of DDR 
was not transmitted to apoptosis in MCF10A. Instead, nuclei 
of breast epithelia entered a senescence-like state in which 
p21 expression was highly induced and cyclin D1 and pRb 
expression lost (Figure 4a). These changes correlated with 
increased activity of classical markers of senescence:^ 
senescence-associated ^^-galactosidase (Figures 4b and c) 
and changes in cell morphology, including large flattened cells 
with increased nuclear diameter (Figure 4d). Interestingly, 
although these features are commonly used markers of cell 
senescence, aphidicolin-induced cell cycle arrest of MCF10A 
did not induce the formation of senescence-associated 
heterochromatin foci, which correlate with sites of persistent 
DDR activation as a result of telomere attrition. Instead, 
when H3K9-trimethylation was used as a reporter for 
heterochromatin structure, similar patterns were seen in 
MCF10A cells immediately prior to the induction of cell cycle 
arrest and in the large, flattened nuclei that were seen 4 days 
later (Figure 4e). Hence, although S phase arrest activates the 
initial stages of the DDR pathway similarly in both cell types, 
the downstream outcomes are different: fibroblasts undergo 
apoptosis, whereas hMECs activate a senescence-like 
programme but do not die. Changing trends in cell cycle 
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Figure 3 DDR induces robust S phase arrest in MCF1 OA cells. Kinetics of activation of DDR was monitored in human fibroblasts (MRC5) and hMECs (MCF1 OA) following 
induction of replication stress with aphidicolin (a; 1 ^g/ml). At different times following aphidicolin treatment (a, top), selected DDR proteins were monitored by immunoblotting 
to follow the kinetics of DDR induction during S phase arrest. Note that when samples were processed under identical conditions, activation of Chk1 , p53 and caspase 3 was 
detectable only in fibroblasts (lower bands in caspase-3 blots are 19 and 17kDa, respectively), whereas the phosphorylation on S139 of histone H2AX (yH2AX) was much 
stronger in fibroblasts than hMECs. Early phase DDR was assessed by accumulation of RPA32 foci (b-d). Although both MRC5 and MCF10A cells showed punctuate patterns 
of RPA foci in response to S phase arrest (Supplementary Figure S2) indirect staining for the active RPA32-S33 epitope showed pan-nuclear staining in MRC5 but discrete 
sites in MCF1 OA cells (b). Prior to aphidicolin addition, cells expressed little RPA32-S33 and staining was weak, even when exposure time was adjusted (TO). Note that when 
MRC5 cells were treated with aphidicolin for 4 days, cells accumulated late in interphase with flattened and enlarged nuclei or acquired fragmented nuclei (b; MRC5 4d left and 
right examples, respectively). MCF10A acquired large and flatten nuclei but did not die (b; MCF10A 4d). Total RPA foci (Supplementary Figure S2a) accumulated at similar 
rates in MRC5 and MCF10A cells during arrest (c; MRC5— blue bars; MCF10A— red bars) though MCF10A cells had significantly more RPA-S33 foci (d; MRC5— blue bars; 
MCF10A— red bars). Scale bars are 5/im 



regulators seen in MCF10A cells were also seen in the 
tumorigenic hMEC cell line MCF7. On adding aphidicolin to 
MCF7 cultures, expression of p21 increased but cyclin D1 and 
pRb declined (Figure 4f), though rates of change were more 
gradual than in MCF7 cultures. Even so, like MCF10A, MCF7 
cells also increased activity of j^-galactosidase and became 
flattened with bigger nuclei (Figures 4g and h). 

Transformed hMECs emerge from prolonged S phase 
arrest with undamaged chromosomes. On removing 
inhibitors of cell cycle progression, MCF10A cells gradually 
re-entered the cell cycle, with the number of S phase cells 
reaching normal levels after 4-5 days (Figure 5). During 



recovery (Figure 5a), expression of p21 declined and high 
levels of cyclin D1 and phosphorylated pRb were seen 
(Figure 5b). After 4-5 days, the cell cycle distribution of 
MCF10A had returned to that seen before treatment 
(compare Figures 5c and d). In contrast to high levels of 
genome instability and cell death seen in fibroblasts 
(Figure 1f), MCF10A retained their near-diploid DNA content 
and recovered from S phase arrest without inducing 
apoptosis (Figure 5d and Supplementary Video S5). On 
returning to proliferation, the morphological markers of 
senescence gradually reversed (Figure 5e). Like MCF10A 
cells, tumourigenic MGF7 cells were able to recover from 
prolonged S phase arrest (Supplementary Figure S3a). 
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Figure 4 S phase arrest induces a senescent-like phenotype in MCF10A cells. During prolonged cell cycle arrest MRC5 cultures displayed high levels of cell death. 
In contrast, the low levels of cell death seen in hMEC cultures (Figure 1) correlated with acquisition of a senescent phenotype, with increased expression of the cell cycle 
inhibitor p21 and loss of cell cycle regulator proteins cyclin D1 and pRb (a). Four days after inducing arrest, MCF10A cells displayed distinct expression of SA-j6-galactosidase 
(b and c), morphological changes (b) and increased nuclear size (d; n = 200). The large flattened senescent-like MCF1 OA nuclei seen following prolonged arrest maintained a 
similar distribution of heterochromatin, as judged by H3K9-trimethylation as in controls (e). Though the overall intensity of H3K9-trimethylation was increased, characteristic 
senescence-associated heterochromatic foci were not seen in these cells. As for MCF10A, MCF7 cells responded similarly to aphidicolin (f), they showed SA-j6-galactosidase 
(g) and increased nuclear diameter (h). Scale bars (b and g): 50 /am; e: lO/^m 



However, primary hMECs, which are not adapted to 
grow indefinitely in culture, showed limited ability to 
proliferate after removing aphidicolin (Figures 5f and g). 
These contrasting abilities to return to proliferation were 
confirmed by EdU incorporation: over 4 days of recovery, 
replication of MCF10A returned to normal (Figure 6a), 



whereas MRC5 were never seen to incorporate EdU and 
became apoptotic either during arrest or within 2 days 
of removing the cell cycle inhibitor (Figure 6b and 
Supplementary Video S5). 

As damage that accumulates during arrest is often revealed 
in subsequent cycles, ^° we monitored apoptosis and mitotic 
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Figure 5 MCF1 OA emerge from prolonged S phase arrest. MCF1 OA were treated with aphidicolin (96 h) and cell number monitored for a further 6 days in fresh medium to 
assess their return to proliferation (a). During recovery from arrest, changes in the expression of p21, cyclin D1 and pRb were monitored (b) and the return to proliferation 
confirmed by flow cytometry (compare profiles in c and d) and the declining expression of SA-j6-galactosidase (e). Primary hMECs were treated for 4 d with or without 
aphidicolin and their cell cycle profiles analysed by flow cytometry (f). After removing aphidicolin, primary hMECs were grown for 4 d in fresh media and cell cycle profiles 
analysed (f, compare untreated (i) with aphidicolin treated and recovered (ii)). Cells treated with aphidicolin showed limited recovery from arrest (f), with accumulation of 
apoptotic cells relative to untreated controls (g). Scale bar 50 /am 



defects throughout the recovery period. Almost all fibroblasts 
(>99%) surviving arrest died by apoptosis once the cell cycle 
inhibitors were removed (Figure 6b). However, when rare 
survivors were visualised in mitosis, profound levels of 
chromosome damage were seen (Figure 6c). Mouse 



embryonic stem cells had similar levels of genome damage 
and died following attempted cell cycle recovery (not shown). 
In contrast, <10% of MCF10A died (Figure 6b) and no 
chromosome damage was revealed during analysis of 
metaphase spreads (Figure 6c) or post mitotic nuclei 
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(Supplementary Figure S3b). These results show that 
following arrest some breast epithelial cell lines were able to 
enter a 'resting' state in which classical markers of senes- 
cence were expressed, but from which the cells could emerge 
and return to proliferation. This novel property of breast 
epithelial cells is neither classical senescence,^ which is 
defined as an irreversible cell fate, nor the transient senescent 



arrest described for normal hMECs from which rare variant 
cells evolve.^° 

hMECs arrested at different times of S phase are able to 
re-enter cycle. We next assessed if MCF10A were able to 
recover from prolonged arrest at different points within S 
phase. Cells within S phase (~25%) at the time of adding 
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aphidicolin remain arrested within S phase (Figure 1), 
whereas other cells are unaffected by aphidicolin until 
reaching the onset of S phase where they will arrest, and 
so accumulate. The efficiency of cell cycle re-entry from cells 
arrested within S phase was monitored in cultures that were 
labelled with BrdU immediately before inducing arrest 
(Supplementary Figure S3). During recovery, proliferation 
was assessed by monitoring the appearance of isolated 
BrdU-labelled chromosome territories (Supplementary 
Figures S3c and d). Cells arrested within S phase were able 
to recover into cycle and proliferate for many subsequent 
generations (Supplementary Figures S3c and d). However, 
comparing the rate of recovery from arrest within S phase 
and the overall rate of recovery (Figure 6a) showed that 
recovery from within S phase was delayed relative to cells 
blocked at the onset of S phase. A related pulse-arrest- 
chase-pulse strategy (scheme in Figure 6d) was used to 
confirm that cells arrested in S phase could recover into cycle 
with normal patterns of active replication sites (Figure 6e). 

Finally, the efficiency of MCF10A recovery from prolonged 
S phase arrest was confirmed using a clonal analysis in 3D 
culture (Figure 6f). In line with the rates of recovery in planar 
culture (Figure 5), MCF10A cells recovering from prolonged 
arrest grew more slowly than controls (Figure 6g), their 
smaller colonies being consistent with a delay of 2-3 days 
before returning to proliferation (Figures 6f and g). Even so, 
over 1 4 days at least 90% of cells seeded into 3D culture were 
able to proliferate as judged by acini formation (Figures 6f and g). 
These immortalised breast epithelia can therefore survive S 
phase arrest and the vast majority return to proliferation. 

MCM proteins are retained on lilVIECs cliromatin during 
prolonged S pliase arrest. To assess the mechanisms of 
replication restart following prolonged arrest we considered 
three possible alternatives: first, stalled forks may be protected 
during arrest so that replication can continue from existing 
sites/factories once the stress is removed;^"^ second, if stalled 
forks collapse de novo initiation can occur if potential origins of 
replication are preserved during arrest or alternatively, cells 
arrested in S phase may need to re-license replication origins, 
as they do following G0/G1 arrest.'*^'^'' Population level 
analysis of critical DNA synthesis regulators revealed that 
prolonged S phase arrest correlated with a decline in total 



MCM proteins, Orel , Cdt1 and the replication initiator protein 
cdc45 to -^20% of control levels (Figure 7a). This indicates 
that the majority of potential replication origins were lost during 
S phase arrest. Over this period, cyclin E expression was 
maintained at control levels and expression of the re-licensing 
inhibitor geminin increased (Figure 7a). 

As MCF1 OA cells re-entered S phase at different times after 
removing inhibitor, we also performed single-cell analysis of 
MCM and PCNA proteins, to monitor pre-replication com- 
plexes and active replication sites, respectively. By pulsing 
cells with Cy3dUTP prior to drug treatment (scheme in 
Figure 7b), we found that the PCNA bound in factories on 
inducing arrest (Figure 7c) was lost during aphidicolin 
treatment (Figure 7c and Supplementary Figure S4). How- 
ever, the majority of nuclei in arrested populations retained 
^20% of the control level of MCM proteins (Figure 7d), when 
MCM4 and MCM5 were analysed in single cells. This 
retention of MCMs on chromatin can be sufficient to complete 
replication given that chromatin-associated MCMs at 
the onset of S phase are known to be greater than fivefold 
more abundant than needed to complete synthesis. ^^'^^ 
Moreover, as the replication licensing inhibitor geminin 
accumulates during prolonged arrest (Figures 7f and g), re- 
licensing of replication origins will be blocked. 

To extend our analysis, we tested additional breast cancer 
lines: the luminal metastatic lines BT474 and T47D and the 
basal metastatic lines MDA-MB-231 and MDA-MB-436. Each 
of these lines arrested efficiently in the presence of aphidicolin 
but displayed variable rates of cell death and recovery 
(Supplementary Figure S5). BT474 cells survived aphidicolin 
treatment with very low levels of cell death and like MCF10A 
survived prolonged arrest and returned to proliferation once 
aphidicolin was removed (Supplementary Figure S5a). How- 
ever, the other three lines showed limited ability to survive 
arrest, with the majority of cells undergoing apoptosis 
(Supplementary Figure S5). Interestingly, the levels of 
apoptosis and limited recovery of MDA-MB-436 cells 
(Supplementary Figure S5d) might suggest an alternative 
pathway of cell cycle re-entry in this line.^° 

Finally, we monitored cell death during prolonged cell cycle 
arrest of the osteosarcoma cell line U2-0S, which like 
MCF10A and MCF7 expresses wild type p53 but is null for 
p16.^^ Unlike the hMEC lines, prolonged arrest of U2-0S 



< 

Figure 6 Efficient recovery of IVICFI OA cells from arrest. Following aphidicolin-induced S phase arrest, MCF1 OA cultures were washed and then return to cycle monitored 
by EdU incorporation (30 min pulse) by comparison with untreated cultures (a, TO). After 4 days of arrest, cells were negative for EdU incorporation (4d A) but on removing drug 
(1d R ... 4d R show the proportion of S phase cells during the 4-day recovery period) cells gradually returned to proliferation (a; average of three experiments; n>250 for 
each time point). When the recovery of MRC5 was assessed, high levels of cell death were recorded (b) and no cells with S phase patterns of EdU labelling were seen (not 
shown). In contrast to the >50% cell death in MRC5 cells at 1-2 d, cell death in MCF10A cells was limited to 5-10% (b, red bars). Mitotic defects were assessed during 
recovery from 4d aphidicolin by comparing metaphase spreads (c) prepared following drug removal (2-4d R) with spreads from untreated controls (TO). All metaphase figures 
from treated MRC5 cells displayed chromosome fragmentation, whereas MCF10A chromosomes were indistinguishable from untreated controls (c). Images are 
representative of n = 100 spreads; as these spreads are typical of all spreads seen in these cultures it is not surprising that fibroblasts were unable to return to proliferation. 
MCF10A cells were pulse labelled (30 min) with Cy3dUTP, treated with aphidicolin and labelled with EdU following recovery for 1 day (d). In the typical double-labelled 
example shown (e, lower panel), early S phase sites were labelled before cell cycle arrest and late sites during recovery from arrest; in the example shown, an early S phase 
cell labelled with Cy3dUTP during the first pulse is seen to be labelled with EdU during late S phase, following prolonged (4d) S phase arrest induced with aphidicolin, showing 
that nuclei within S phase were able to survive arrest and recover into cycle once the stress was removed. To confirm the efficiency of cell cycle recovery, MCF10A 
were treated with aphidicolin (4d), harvested and single cells plated into 3D LrBM-gel coated dishes and grown for 14 days; identical numbers of treated and untreated cells 
were used. Similar numbers of single cells were shown to proliferate and form acini (f). In three equivalent experiments, 90% of aphidicolin-treated cells were capable of 
establishing acini. However, the majority of colonies were visibly smaller than those in controls (g, compare -aphi and + aphi) and on average contained only ~30% 
the number of cells (g, nuclei in acini were scored by DAPI staining; n = 200 acini), consistent with the time taken for aphidicolin-treated cells to return to cycle. Scale bars 
(c and e): 10 /im; f: 50 
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Figure 7 Replication licensing complexes are retained during prolonged S phase arrest of MCF10A cells. The expression of proteins involved in replication control was 
assessed during aphidicolin-induced (1-4d) cell cycle arrest. At different times following aphidicolin treatment (days, top), selected replication proteins (left) were monitored in 
total extracts by immunoblotting (a). Exposures shown accentuate the general population level trends during arrest and different exposures were used to estimate fold changes 
at different times. For key proteins, quantitative estimates were generated using single-cell analysis (d-g). Experiments designed to test the stability of assembly of replication 
proteins within S phase nuclei (scheme in b) demonstrated that assembled replication foci were lost from S phase cells during prolonged arrest (c, 4 days). Prior to aphidicolin 
treatment, cells were pulse labelled with CySdUTP to mark S phase cells. Controls (no aphidicolin) showed PCNA in nuclei of cells containing pre-labelled chromosome 
territories. After S phase arrest (4d), cells pre-labelled with CySdUTP were negative for PCNA (n = 500); in some experiments exposures were adjusted to improve sensitivity 
and this reveals background cytoplasmic staining. Nuclear retention of proteins within the replication licensing complex was assessed by immuno-staining (d-g). During 
prolonged arrest (4d), chromatin-associated MCM4 levels fell to 18.5% of the level in controls (d and e), based on the average fluorescence intensity of 100 nuclei after arrest 
(4d +aphi; AU— 102.6 ± S7.1 (S.D.); n = 100) compared with control levels in untreated nuclei (4d -aphi; AU— 551 .78 ±59 (S.D.); n = 100 from three independent 
experiments). MCM5 levels fell to 21 .S5% of control levels using the same approach (4d + aphi; AU— 214 ± 1S1 .5 (S.D.); n = 100. 4d - aphi, AU— 1002.6 + /I S6.46 (S.D.); 
n= 100. Not shown). During arrest, the average geminin expression across the population increased fourfold relative to controls not treated with aphidicolin (f and g). Scale 
bars c, d: 10^m; f: 20 /urn 
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cells correlated with persistent cell cycle progression and 
subsequent apoptosis (Supplementary Figures S6a and b). 
Between 2-4 d of arrest, FACS analysis showed that the 
majority of U2-0S cells arrested in G2/M with -10% 
undergoing apoptosis at early times of arrest. On removing 
aphidicolin, high levels of cell death were seen and, like 
fibroblasts, no cells were able to engage productive prolifera- 
tion (Supplementary Figures 6c and d). 

To our knowledge, these experiments provide the first 
demonstration that cells of the mammary epithelial lineage are 
able to acquire a state in which they survive prolonged cell 
cycle arrest from which the vast majority of cells (>90%) can 
recover and proliferate. The immortal cell line MCF10A 
provides the paradigm of this behaviour. The ability of cells 
of the mammary epithelial lineage to survive prolonged arrest 
is shown to be related to the balance of checkpoint activation 
and suppression of apoptotic induction, which allows these 
cells to occupy a reversible senescent-like state. In addition, 
hMECs that survived long-term arrest were able to maintain 
their genetic integrity and preserve sufficient chromatin- 
associated dormant replication origins to resume proliferation 
once the arrest was removed. 

Discussion 

While exploring the response of breast epithelial cells to 
prolonged S phase arrest, we observed that this cell lineage 
appeared to assume a novel cell fate. Rather than entering an 
irreversible state of cell cycle arrest, cells entered a state in 
which they expressed classical hallmarks of senescence 
(Figure 1) but from which they could emerge once the stress 
was removed (Figure 5). The immortalised hMEC line 
MCF10A provides a paradigm of this behaviour. 

lilVIECs recover efficiently from a senescent-like state 
following cell cycle arrest. Biologically, senescence is 
defined as a state in which cells irreversibly withdraw from 
proliferation. This state correlates with the expression of 
senescent markers, which include: expression of SA-j5-galac- 
tosidase, induction of cell cycle inhibitors (p21 and p16), loss of 
DNA synthesis and accumulation of senescence-associated 
cell morphologies.^ These markers characterise the senes- 
cent state that results from telomere attrition and during the 
SIPS, which results from genotoxic or metabolic stress.^^'^^ 

hMECs provide a model system in which rare variants have 
been reported to escape senescence with loss of p16 
expression and dramatic genome instability.^^ Expression of 
viral oncogenes, which override the cell cycle inhibitory effects 
of p21 and p16, also allows many cell types to escape from 
senescence and undergo proliferation.''^"''^ In addition, SIPS 
cells - in rare cases - have been shown to re-enter the cell 
cycle,^^'^"^"^^ though in all of these cases the efficiency of cell 
cycle re-entry was very low.^"^'^^ Moreover, cells that were 
able to re-enter proliferation appeared to do so predominantly 
from G2, perhaps through a process related to G2 checkpoint 
adaptation^^ and with properties that were clearly distinct from 
cell cycle re-entry following GO arrest. Cell cycle re-entry in 
these published studies is clearly very inefficient and 
mechanistically distinct from the highly efficient cell cycle 
re-entry seen for some hMEC lines described herein. 



Our analysis of MCF10A cells following prolonged S phase 
arrest revealed that a specific balance of DDR and replication 
protein expression was capable of sustaining a transient or 
reversible senescent-like phenotype (Figures 5 and 6). In 
contrast to fibroblasts, which all died under replication stress, 
MCF10A and MCF7 cells were seen to survive prolonged 
arrest without engaging apoptosis and subsequently return to 
proliferation from a senescent-like state (Figures 1 and 5). The 
combination and timing of events that allow breast epithelia to 
survive prolonged S phase arrest may be unique to breast 
tissue. Importantly, as well as activating mechanisms that 
preserve genome integrity and protect dormant origins in this 
tissue, the timing and expression of regulators such as p21 and 
p16 must be appropriately controlled. Notably, overexpression 
of p16 in p16~^~ MCF7 cells was shown to result in an altered 
cell cycle profile with increased G1 population and dramatically 
extended S phase.^^ However, similar results were seen in p1 6 
null U2-0S cells, which we found were unable to recover from 
prolonged arrest (Supplementary Figure S6). 

The role of replication stress in senescence and 
oncogenesis. Under conditions of short-term replication stress 
induced by DNA damage, precursor deprivation or polymerase 
inhibition, collapsed replication forks can be rescued by de novo 
origin firing.^"^'^^ This is facilitated by the re-initiation of DNA 
synthesis at sites where chromatin-associated MCM2-7 com- 
plexes act as dormant origins.^^ However, during prolonged S 
phase arrest, cells blocked within S phase lose chromatin- 
associated MCMs and accumulate stalled and collapsed forks, 
which eventually compromise genome integrity.^^ 

The links between replication stress and genome instability 
have important pathological implications. Replication stress and 
activation of DDR is a consequence of many forms of DNA 
damage, but can also result from inappropriate oncogene 
expression.^° Expression of oncogenes such as mutated (acti- 
vated) ras and inappropriate expression of cell cycle regulators 
such as myc, cyclin D/E and cdc25A can activate the replication 
stress response as a result of defects in DNA synthesis.^'' '^^ For 
example, aberrant activation of cell cycle progression can 
be induced by viral oncogenes or oncogenic cyclin E and cells 
allowed to enter S phase before ideal conditions for DNA synthesis 
are established.^^ Under these conditions, replication proceeds 
under conditions of precursor deficiency and the resulting 
replication stress promotes increased genomic instability. 

In principle, fork collapse under replication stress could limit 
the proliferative potential of precancerous and cancerous cells 
and provide therapeutic opportunities.^^ However, our results 
reveal that following prolonged S phase arrest, immortalised 
breast epithelial re-establish active sites of DNA synthesis 
and return to cycle (Figure 7). Interestingly, this behaviour 
may reflect the observation that breast epithelial cells 
maintain chromatin-associated MCM complexes during 
extended periods of G0/G1 arrest.^"*'^^ Hence, by preserving 
bound MCMs, hMEC can survive prolonged S phase arrest 
and return to proliferation once the stress is removed. As 
breast cancer remains one of the most common, yet difficult 
cancers to treat, it will be interesting to evaluate if this 
behaviour contributes to the ability of breast epithelia to 
circumvent some of the genotoxic properties of drugs used for 
breast cancer therapy.^^'^^ 
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Materials and Methods 

Cell culture. MCF10A (ATCC CRL-10317) were originally derived from human 
fibrocystic mammary tissue as a spontaneously immortalised cell line. The original 
line had classical characteristics of normal breast epithelia and had a stable diploid 
karyotype;^^ a stable near-diploid karyotpye was confirmed in subsequent 
studies^^ and the p16 null status of this line described. MCF10A cells were grown 
in DMEM/F12 media with 5% horse serum, i-glutamine, antibiotics, 0.5^g/ml 
hydrocortisone (SIGMA, St. Louis, MO, USA), 10/ig/ml insulin (SIGMA) and 
20ng/ml Epidermal growth factor. MCF7 (ATCC HTB-22) are an aneuploid 
adenocarcinoma of mammary origin derived from pleural effusion of a metastatic 
site. MCF7 cells were grown in DMEM media supplemented with 10% FBS, 
L-glutamine and antibiotics. MRC5 cells were grown in MEM, L-glutamine, sodium 
pyruvate, non-essential amino acids with 10% FBS and antibiotics. Other cell 
types (ATCC) were grown in DMEM media supplemented with 10% FBS, 
L-glutamine and antibiotics. Where stated, cells were incubated with 1 ^g/ml 
aphidicolin. 

Primary hMECs and hMFs were isolated as described. Briefly, breast tissue was 
obtained from reduction mammoplasties and digested to epithelial organoids. In order to 
encourage outgrowth of both epithelial cells and fibroblasts, the organoids recovered 
from long-term storage in liquid nitrogen were initially placed into culture in standard 
DMEM medium supplemented with 10% fetal calf serum and antibiotics. When a mixed 
population of epithelial cells and fibroblasts migrated out of the organoids, the culture 
was subjected to a brief trypsinisation to selectively detach and propagate fibroblasts, 
leaving the more firmly attached epithelial cells in the original dishes. From this point on, 
fibroblasts were grown in DMEM medium with 10% serum, whereas the epithelial cells 
were grown in a special commercially available serum-free, growth factor-supplemented 
medium for mammary epithelium (LONZA, Basel, Switzerland). 

Immuno-fluorescence. Immuno-fluorescence was performed after fixation 
(lOmin; 20 °C) with 4% formaldehyde in PBS. Cells were permeabilised in 1% 
Triton XI 00 in PBS. After permeabilisation, the samples were washed 3 x in 
PBS, 3 X in PBS+ (PBS, 0.1% Tween and 1% albumin (SIGMA)), and blocked 
for 1 h in PBS + . Cy3dUTP transfection was performed using FuGene (Roche, 
Basel, Switzerland). 

Immunoblotting. Proteins were extracted using 2 x SDS-loading buffer. 
Equal amounts of protein were used (10-20/ig of total protein) and equivalent 
loading was assessed using j6-actin as a normalisation control. 

Antibodies. The primary antibodies used were: for total p53, p53 DO-1, Santa 
Cruz sc-126 (Dallas, TX, USA) and FL-393 Santa Cruz; p53 (S15 phosphorylation. 
Cell Signaling 9286S, Boston, MA, USA); p-Histone H2A.X (SI 39) (Cell Signaling 
2577S); RPA32 (4E4 Cell Signaling 2208S); BrdU (BD Pharmingen 555627, BD 
Biosciences, San Jose, CA, USA); cleaved Caspase 3 (Asp 173, Cell Signaling 
9661 S); Cyclin E (Abeam ab3927, Cambridge, UK); PCNA (Abeam ab18197); 
MCM4 (Abeam ab4459); MCM5 (Abeam ab17967); Orel (Abeam ab 85830); Cdtl 
(Abeam ab70829); Geminin (Abeam ab12147); /^-Aetin (Sigma A1978); pRb Ser 
807/811 (Cell Signaling 9308S); p21 (2946 Cell Signaling); Cyclin D1 (2926 Cell 
Signaling); cde45 (Santa Cruz sc-20685); Chkl (Santa Cruz se-8408); Chkl 
pS345 (Cell signalling 2341) H3K9-3Me (Millipore 17-625, Billerica, MA, USA). 

Cell proliferation and senescence. Cell proliferation was measured by 
either bromo-deoxyuridine (BrdU) or ethynyl-deoxyuridine (EdU) incorporation. 
Briefly, cells were incubated with 25 ^M of BrdU for 30min or 10/iM of EdU for 
30min. For BrdU detection, cells were fixed as for immuno-fluorecence and 
treated with 2.5-M HCI. EdU detection was carried out according to the supplier's 
method (Invitrogen, Paisley, UK). SA-j6-Gal staining was performed using the 
BioVision Senescence detection kit following the manufacturer's protocol. Signal 
quantification was determined using Image J software. 

Cell viability was assessed using a range of techniques, based on the analysis 
used. For cell counting, we identified dead cells by trypan blue exclusion. Apoptotic 
cells were identified based on chromatin and nuclear fragmentation by DAPI and 
laminBI staining. Sub-GO populations were assessed by FACS in Pl-stained and 
fixed cells. All of these methods gave consistent results. 

Cell cycle analysis. For the analysis of cell cycle, cells were washed with 
PBS at each time point, fixed with 70% - 20 °C ethanol and incubated for 30 min 
on ice. After washing with PBS, cells were stained for 5 min at room temperature 
in PBS with 10 /ig/ml of propidium iodide (Invitrogen) and 5 ^g/ml of ribonuclease 



A (SIGMA). Cells were immediately run on the FACS Calibur flow cytometer. 
Acquired data was analysed using the Cell Cycle platform of FlowJo software. 

Microscopy and image analysis. Different microscopes were used in this 
study. Some samples were imaged using a LSM 510, the best microscope for low 
ratio noise-to-signal. For analysis of large samples in 2D cultures (nuclear size, 
etc), we used an Axioplan-200M (Zeiss, Jena, Germany) microscope with 
automated stage and focus. Colour microscopy was performed with an Axiovert 40 
(Zeiss) with a 10 Mpixel digital camera (Nikon, Tokyo, Japan). Area and volume 
size measurements were quantified using LSM software analyser and ImarisTM 
software. Chromatin-associated MCM complexes that survived long-term arrest 
were determined using quantitative image analysis after immuno-staining of 
permeabilised and fixed cells with MCM4 and MCM5 antibodies. For each sample, 
100 nuclei (2-3 independent experiments) were scanned across their centres and 
an average intensity determined. 

Chromosome spreads and DNA fibres. Chromosome spreads and 
DNA fibres were performed as in.^^ BrdU-labelled fibres were detected using a rat 
anti-BrdU antibody (AbD Serotec, Bio-Rad Laboratories Inc, Hercules, CA, USA) 
and secondary detection using goat anti-rat AlexaFluor-488-conjugated antibody. 
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